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  Gell-­‐Mann	
  and	
  	
  Zweig	
  600es	
  
suggested	
  also	
  the	
  existence	
  of	
  penta	
  and	
  tetra	
  quarks	
  

	
  



LHCb,	
  one	
  of	
  the	
  great	
  experimensts	
  at	
  the	
  
Large	
  Hadron	
  Collider	
  LHC,	
  	
  

has	
  observed	
  in	
  the	
  study	
  of	
  the	
  decays	
  of	
  
the	
  heavy	
  baryon	
  Λ	
  b	
  ,	
  

	
  a	
  new	
  class	
  of	
  exo$c	
  	
  par$cles	
  	
  



PC
+(4450)	
  =	
  (4449.8	
  ±	
  39)	
  MeV	
  

	
  
	
  
PC

+(4380)	
  =	
  (4380	
  ±	
  205)	
  MeV	
  	
  	
  
	
  
	
  
	
   	
  sta$s$c	
  signifiance	
  greater	
  

then	
  	
  	
  9	
  sigma	
  !	
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  What	
  	
  has	
  LHCb	
  observed?	
  

	
  	
  simula0on	
  of	
  decays	
  as	
  from	
  LHCb	
  
	
  
	
  

Λ	
  b	
  



	
  	
  	
  	
  	
  santopinto,	
  giachino,	
  hep-­‐ph	
  1604.03769	
  
	
  	
  

	
  
-­‐	
  We	
  use	
  very	
  general	
  arguments	
  dictated	
  by	
  symmetry	
  considera0ons,	
  in	
  order	
  
to	
   describe	
   pentaquark	
   states	
  within	
   a	
   group	
   theory	
   approach.	
   A	
   complete	
  
classifica0on	
  of	
  all	
  possible	
  states	
  and	
  quantum	
  numbers,	
  that	
  can	
  be	
  useful	
  
both	
  to	
  the	
  experimentalists,	
  for	
  new	
  finding,	
  or	
  to	
  theore0cal	
  model	
  builders	
  
are	
  given,	
  without	
  the	
  introduc0on	
  if	
  any	
  par0cular	
  dynamical	
  model.	
  	
  

	
  
-­‐	
   Some	
   predic0on	
   are	
   finally	
   given	
   using	
   a	
   Guersey-­‐Radica0	
   inspired	
   mass	
  
formula.	
  We	
   reproduce	
   the	
  mass	
  and	
   the	
  quantum	
  numbers	
  of	
   the	
   lightest	
  
pentaquark	
  state	
  reported	
  by	
  LHCb	
  (JP	
  =	
  3	
  /2−),	
  with	
  a	
  parameters	
  free	
  mass	
  
formula	
  fixed	
  on	
  known	
  well	
  established	
  baryons.	
  	
  

	
  
-­‐	
  We	
  predicted	
   the	
   other	
   pentaquark	
   resonances	
   (giving	
   their	
  masses,	
   and	
   sugges0ng	
  
possible	
  decay	
  channels)	
  which	
  belong	
  to	
  the	
  same	
  mul0plet	
  of	
  the	
  discovered	
  one.	
  	
  

	
  



Construc$on	
  of	
  the	
  	
  states	
  

1)	
  	
  	
  a	
  pentaquark	
  state	
  should	
  be	
  a	
  color	
  singlet	
  SUc(3)	
  
	
  
	
  

the	
  an0quark	
  c	
   ̄	
   transforms	
  as	
   ̄3	
   	
   so	
   the	
  color	
   representa0on	
  of	
  
the	
   4	
   quarks	
   subsystem	
   has	
   to	
   be	
   the	
   [211]	
   state	
   (with	
  
permuta0on	
  symmetry	
  F1	
  )	
  
	
  
2)	
   	
  be	
  an0symmetric	
  under	
  any	
  permuta0on	
  of	
   the	
   four	
  quarks	
  
(	
  Pauli	
  principle)	
   	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  1)	
  +	
  2)	
  the	
  two	
  condi$ons	
  determine	
  	
  the	
  kind	
  of	
  symmetry	
  	
  for	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  orbital-­‐spin-­‐flavour	
  	
  4	
  quarks	
  subsystem	
  
	
  
By	
  the	
  second	
  condi0on,	
  the	
  orbital-­‐spin-­‐flavour	
  part	
  of	
  the	
  w.f.,	
  	
  ψ,	
  is	
  necessarily	
  a	
  [31]	
  state	
  with	
  
F
2	
  
symmetry,	
  which	
  is	
  obtained	
  from	
  the	
  colour	
  state	
  [211],	
  by	
  inter-­‐changing	
  rows	
  and	
  columns.	
  

In	
  fact,	
  the	
  [211]	
  and	
  the	
  [31]	
  state	
  are	
  one	
  the	
  conjugate	
  to	
  the	
  other,	
  and	
  so	
  their	
  product	
  give	
  
the	
  completely	
  an0symmetric	
  state	
  [1111],	
  with	
  symmetry	
  A

2	
  
	
  

	
  

c
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2. Symmetry properties of the pentaquark states

In order to classify the pentaquark states, we made use, as
much as possible, of symmetry principles, without introduc-
ing any explicit dynamical model. We make use of the Young
tableaux technique, adopting for each representation the nota-
tion [ f ]d = [ f1, . . . , fn]d, where fi denotes the number of boxes
in the i-th row of the Young tableau, and d is the dimension of
the representation.
In the construction of the classification scheme, we are guided
by two conditions that the pentaquark wave function must fulfil:

• be a colour singlet (as all physical states);

• be antisymmetric under any permutation of the four quarks
(Pauli principle).

From these two conditions, it follows that the permutation sym-
metry of the colour representation of the four quark subsystem
 c(q4) and the orbital-spin-flavour one  os f (q4) is (as regards
the notation for the permutation symmetry see table 1):

 c(q4) F1,

 os f (q4) F2. (3)

The orbital symmetry of the quark wave function depends on
the quantum numbers of the resonant state JP = 3

2
�. Indeed,

the parity of the pentaquark system is:

P | qqqqq̄ >= (�1)l+1 (4)

and so l must be even. The total angular momentum is J = 3
2 ,

and so l = 0 or l = 2.
In this work, we hypothesise that the lightest charmonium pen-
taquark state reported by the LHCb collaboration is a ground
state pentaquark with l = 0.
In the following, when we give the prediction of its mass, we
show that this hypothesis is reasonable.
If the four quarks are in the l = 0 wave, according to the sum
rule of the angular momentum, we have two possibilities: a
configuration in which there are a couple of quarks in a triplet
spin state, and another one in a singlet spin state, or a configu-
ration in which both couples of quarks are in a S = 1 spin state,
so that the total spin S of the pentaquark is S = J = 3

2 .

2.1. The four quark subsystem
We make use of the Young tableaux technique in order to

construct the allowed S Us f (8) representations for the qqqq sub-
system (with q = u, d, s, c), and for the qqqqq̄ pentaquark sys-
tem, where q = u, d, s, c, and denote with a box the fundamental
representation of S U(N).
The pentaquark wave function contains di↵erent contributions,
which come from the internal degrees of freedom of colour,
flavour and spin, so N = 2, 3, 4, 8 for the spin, colour, flavour,
and spin-flavour, respectively. In the following part of the work,
we will use q4 instead of qqqq to indicate the four quark subsys-
tem. The allowed S Us f (8) spin-flavour states of the q4 subsys-
tem follow from the decomposition of the direct product [19]:

[1]8 ⌦ [1]8 ⌦ [1]8 ⌦ [1]8 =

Table 1: permutation symmetries of the four quark subsystem of the pentaquark
states (see [14]). Each Young tableau ([ fi, ... fn]), with the corresponding multi-
plicity, is reported. The di↵erent labels (A1, F2, E, F1,A2) simply encodes the
kind of symmetry of a given Young tableau, which is symmetry for the rows
and antisymmetry for the columns.

Symmetry [ fi, ... fn] Young tableau Multiplicity

A1 ⇠ [4] 1

F2 ⇠ [31] 3

E ⇠ [22] 2

F1 ⇠ [211] 3

A2 ⇠ [1111] 1

[14]70 � [4]330 � 2 [22]336

� 3 [31]630 � 3 [211]378 (5)

2.2. The pentaquark system

The possible S Us f (8) pentaquark configurations are obtained
by the product between the q4 states of equation 5 and that of
the antiquark [1111111]8 ([19]):

[4]330 ⌦ [1111111]8 = [5111111]2520 � [3]120;
[31]630 ⌦ [1111111]8 = [4211111]4752 � [21]168

� [3]120;
[22]336 ⌦ [1111111]8 = [3311111]2520 � [21]168;

[211]378 ⌦ [1111111]8 = [3221111]2800 � [21]168

� [111]56;
[1111]70 ⌦ [1111111]8 = [2222111]504 � [111]56;

(6)

As we are going to see in the next section, starting from the
general symmetry properties that the pentaquark wave func-
tion must fulfil, we can find the allowed symmetry for the
four quark subsystem, and then, from table 2, the allowed pen-
taquark states.

We showed earlier that the orbital-spin-flavour symmetry of
the four quark wave function is F2 (equation 3). Since the four
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  Construc$on	
  of	
  the	
  states	
  

We	
  know	
  the	
  4	
  quark	
  symmetry	
  
	
  
	
  
	
  
	
  	
  	
  
	
  

We	
  obtain	
  the	
  SU(8)	
  	
  spin-­‐flavour	
  representa0ons	
  compa0ble	
  with	
  	
  
symmetry	
  principles	
  

	
  



	
  
l  For	
  the	
  reproduc$on	
  of	
  its	
  	
  

qu.	
  numbers	
  (JP	
  	
  =	
  3/2	
  -­‐	
  ),	
  it	
  
is	
  necessary	
  that	
  	
  quarks	
  are	
  
in	
  S	
  waves	
  

Pentaquark	
  	
  resonance	
  Pc+(4380)	
  



l  To	
   reproduce	
   its	
   	
   quantum	
  
numbers	
  (JP	
  	
  =	
  5/2	
  +	
  ),and	
  its	
  
opposite	
  parity	
  in	
  respect	
  to	
  
the	
   lightest	
   pentaquark,	
  
one	
  has	
  to	
  think	
  the	
  4	
  quark	
  
subsystem	
  in	
  P-­‐wave	
  

	
  	
  	
  	
  

	
  The	
  pentaquark	
  Pc+(4450)	
  resonance	
  



	
  
	
  

The	
  heaviest	
  resonance	
  ,	
  Pc+(4450),	
  
	
  has	
  a	
  mass	
  	
  close	
  to	
  the	
  threshold	
  of	
  	
  Σ	
  c	
  	
  D*	
  (	
  4462.4	
  MeV	
  )	
  

	
  
	
  
	
  
	
  

	
  This	
  suggest	
  that	
  this	
  state	
  can	
  not	
  be	
  explained	
  as	
  compact	
  
pentaquark,	
  but	
  in	
  first	
  approxima$on	
  as	
  a	
  molecular	
  state	
  

	
  	
  	
  	
  
	
  
	
  
	
  

	
  
	
  
	
  

	
  	
  Compact	
  	
  pentaquark	
  	
  or	
  	
  molecular	
  states?	
  
	
  



	
  	
  	
  	
  	
  Karliner	
  	
  &	
  	
  Rosner	
  interpreta$on	
  

The	
   hypothesis	
   that	
   the	
   higher	
   state,Pc+(4450),	
   is	
   a	
  molecular	
   state	
   is	
   in	
   accordance	
  with	
   	
   Karliner	
   e	
   Rosner’s	
  
work	
  
	
  	
  
	
  
	
  

IN	
  CONCLUSION:	
  
Pc+(4380)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Pc+(4450)	
  
Compact	
  Pentaquark	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Molecular	
  state	
  D*	
  ΣC	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Karliner	
  e	
  Rosner)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



	
  
	
  

	
  
	
  

	
  
In	
  order	
  to	
  determine	
  the	
  SU(3)	
  	
  flavour	
  mul$plet	
  to	
  whom	
  	
  
belongs	
  to	
  the	
  PC

+(4380)	
  	
  resonance,	
  it	
  has	
  been	
  necessary	
  an	
  
extension	
  of	
  the	
  	
  

GÜRSEY-­‐RADICATI	
  	
  	
  	
  

We	
  have	
  just	
  seen	
  as	
  only	
  the	
  	
  PC
+(4380)	
  resonance	
  can	
  be	
  interpreted	
  as	
  a	
  	
  compact	
  	
  

pentaquark,	
  	
  whyle	
  the	
  heviest	
  one	
  is	
  a	
  molecular	
  state	
  

	
  
We	
  will	
  concentrate	
  only	
  on	
  the	
  PC

+(4380)	
  	
  
	
  resonance	
  	
  

EXTENSION	
  	
  OF	
  THE	
  	
  	
  GÜRSEY-­‐RADICATI	
  MASS	
  
FORMULA	
  



	
  
THE	
  GELL-­‐MANN	
  and	
  	
  OKUBO	
  MASS	
  FORMULA	
  

The	
  	
  Gell-­‐Mann	
  and	
  Okubo	
  mass	
  formula,	
  takes	
  into	
  account	
  the	
  	
  	
  SU(3)	
  
breaking	
  as	
  due	
  to	
  the	
  different	
  masses	
  of	
  the	
  quarks	
  

	
  
Acording	
  to	
  that	
  the	
  mass	
  MGMO	
  of	
  a	
  baryon	
  belonging	
  to	
  a	
  given	
  	
  SU(3)	
  

mul0plet	
  can	
  be	
  wriqen	
  as	
  

M0	
  is	
  the	
  avergae	
  value	
  of	
  the	
  SU(3)	
  mul0plet	
  ;	
  
	
  

Y	
  is	
  the	
  baryon	
  hypercharge	
  	
  
I	
  is	
  the	
  total	
  isospin	
  

	
  



	
  
THE	
  GÜRSEY-­‐RADICATI	
  MASS	
  FORMULA	
  	
  

The	
  	
  Gürsey	
  e	
  Radica0	
  mass	
  formula	
  is	
  an	
  extension	
  of	
  the	
  
Gell-­‐Mann	
  and	
  	
  Okubo’s	
  one,	
  since	
  it	
  takes	
  into	
  account	
  of	
  the	
  

differentces	
  in	
  the	
  	
  masse	
  values	
  as	
  due	
  to	
  	
  as	
  due	
  to	
  different	
  	
  spin	
  of	
  
the	
  	
  baryons	
  

M0	
  is	
  the	
  averge	
  value	
  of	
  the	
  masses	
  of	
  a	
  given	
  baryon	
  SU(3)	
  mul0plet;	
  
	
  

Y	
  is	
  the	
  baryon	
  hypercharge;	
  
I	
  is	
  the	
  total	
  isospin;	
  

	
  
S	
  is	
  the	
  total	
  spin	
  of	
  the	
  baryon.	
  

	
  
	
  



	
  	
  

OUR	
  EXTENCION	
  OF	
  THR	
  GÜRSEY-­‐RADICATI	
  MASS	
  FORMULA	
  

	
  
M0	
  is	
  the	
  average	
  value	
  of	
  the	
  masses	
  of	
  a	
  given	
  baryon	
  SU(3)	
  mul0plet;	
  

	
  
Y	
  is	
  the	
  baryon	
  hypercharge;	
  

I	
  is	
  the	
  total	
  isospin;	
  
	
  

	
  	
  	
  	
  S	
  is	
  the	
  total	
  spin	
  of	
  the	
  baryon.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  C2	
  (SUFI(3))	
  are	
  the	
  eigenvalues	
  of	
  the	
  Casimir	
  operator	
  of	
  SUFI(3);	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  n_c	
  counts	
  the	
  number	
  of	
  c	
  or	
  an0	
  c	
  quarks	
  
	
  
	
  



	
  	
  

The	
  A,	
  D,	
  E,	
  G	
  and	
  	
  M0	
  	
  coeffiecients	
  have	
  been	
  fixed	
  using	
  well	
  known	
  
strange	
  and	
  non	
  strange	
  baryons	
  

	
  the	
  	
  F	
  	
  coefficient	
  has	
  been	
  derived	
  from	
  charmed	
  baryons	
  

OUR	
  	
  EXSTENSION	
  of	
  THE	
  	
  GÜRSEY-­‐RADICATI	
  MASS	
  FORMULA	
  



The	
  decomposi0on	
  procedure	
  of	
  the	
  states	
  

1)  Decomposi0on	
  of	
  the	
  	
  SUSF(8)	
  rapresenta0on,	
  compa0bile	
  with	
  the	
  	
  
symmetry	
  principle,	
  into	
  the	
  	
  spin	
  	
  and	
  the	
  	
  flavour	
  parts;	
  

	
  
	
  
	
  
2)	
  	
  	
  Since	
  the	
  lightest	
  resonance	
  has	
  spin	
  S=J=3/2,	
  only	
  	
  the	
  SU(4)	
  	
  
	
  	
  	
  	
  	
  	
  represanta0on	
  with	
  spin	
  3/2	
  have	
  been	
  selected;	
  
	
  
	
  
	
  
3)  Only	
  those	
  representa0ons	
  have	
  been	
  further	
  decomposed	
  into	
  	
  	
  	
  	
  	
  	
  

SU(3)XUC(1),	
  in	
  such	
  a	
  way	
  to	
  select	
  at	
  the	
  end	
  only	
  the	
  SU(3)	
  
	
  	
  	
  	
  	
  	
  	
  mul0plet	
  with	
  	
  charm	
  quantum	
  number	
  C	
  equal	
  to	
  zero;	
  
	
  	
  	
  	
  
	
  



	
  
4)	
  In	
  the	
  most	
  general	
  case	
  the	
  ipercharge	
  Y	
  is	
  	
  defined	
  as:	
  
	
  	
  
	
  
	
  
	
  

	
  	
  
	
  

since,	
  for	
  the	
  ligthest	
  	
  pentaquark	
  	
  state	
  is	
  	
  	
  T=B=C=S=0,	
  and	
  B=1	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Y=1	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  

	
  
	
  	
  	
  it	
  is	
  	
  necessary	
  to	
  decompose	
  further	
  each	
  SU(3)	
  mul0plet	
  into	
  	
  

SU(2)XUY(1),	
  	
  and	
  	
  next	
  step,	
  	
  select	
  	
  the	
  mul0plets	
  	
  with	
  ipercharge	
  	
  Y=1	
  
	
  
	
  

Decomposi0on	
  procedure	
  of	
  the	
  states	
  	
  



	
  	
  

5)  The	
  mass	
  of	
  each	
  	
  mul0plets	
  has	
  been	
  calculated	
  	
  by	
  means	
  of	
  an	
  
extension	
  of	
  the	
  	
  Gürsey	
  e	
  Radica0	
  mass	
  formula	
  as	
  already	
  discussed	
  

The	
  mul0plet	
  with	
  minimum	
  energy	
  is	
  the	
  octect	
  of	
  SU(3)	
  ,	
  
that	
  is	
  the	
  	
  [21]	
  mul0plet	
  	
  	
  

	
  

Decomposi0on	
  	
  procedure	
  of	
  the	
  states	
  



	
  	
  

Nota0on:	
  
PIJ(M)	
  where	
  	
  

I	
  	
  is	
  the	
  number	
  of	
  
s	
  quarks;	
  

J	
  	
  the	
  electric	
  
charge;	
  

M	
  predicted	
  mass	
  	
  

	
  
The	
  lightest	
  resonance,	
  the	
  	
  PC

+(4380),	
  	
  
acording	
  to	
  LHCb	
  	
  

	
  has	
  	
  a	
  mass	
  	
  M	
  =	
  4380	
  ±	
  8	
  ±	
  	
  29	
  	
  MeV	
  
and	
  a	
  width	
  W	
  =	
  205	
  ±	
  18	
  ±	
  86	
  MeV	
  	
  

	
  
The	
  predicted	
  theore$cal	
  value	
  of	
  the	
  mass	
  is	
  4404	
  MeV	
  in	
  

agreement	
  	
  with	
  the	
  	
  exper.	
  	
  M	
  =	
  4380	
  ±	
  8	
  ±	
  	
  29	
  	
  MeV	
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7

pentaquark state JP = 3
2

�
reported by the LHC

b

col-
laboration.
In the following, we focus on the 8 charmonium pen-
taquark states of the octet, and we apply the GR mass
formula 14, with the values of the parameters determined
from the equations 19-24 (reported in table VI), to each
state of octet, in order to predict the correspondent mass.

FIG. 4: octet of the charmonium pentaquark states: each
state is labelled with P ij(M), where i = 0, 1, 2 is the number
of strange quarks of a given pentaquark state, j = �, 0,+ is
the pentaquark’s electric charge, and M the predicted mass.

As regards the notation, we indicate a charmonium pen-
taquark state (qqqcc̄, with q = u, d, s) with P ij(M),
where i = 0, 1, 2 is the number of strange quarks of a
given pentaquark state, j = �, 0,+ is the pentaquark’s
electric charge, and M the predicted mass. The state
identified with the one reported by the LHC

b

collabo-
ration, and the other predicted charmonium pentaquark
states of the octet, are reported in table IX, and in fig-
ure 4. We observe that the charge state P 0+(4404),
(in red), has just the same quantum numbers as the
lightest resonance (charge, spin, parity). Its theoretical
mass, predicted by means of our GR formula extension,
is M = 4404 MeV .
Despite the simplicity of the approach that we used, this
result is in agreement with the mass reported by the
LHC

b

collaboration: M = 4380 ± 8 ± 29 MeV . Our
compact pentaquark approach predicts that it is a mem-
ber of an isospin doublet, with hypercharge Y = 1.

V. POSSIBLE DECAY CHANNELS TO
OBSERVE THE PREDICTED CHARMONIUM

PENTAQUARK STATES OF THE OCTET

We will now explore the possible decay channels in
which the other predicted states of the octet can be ob-
served. These channels will be described in detail. The
state P 0+(4404) is a part of an isospin doublet. In or-
der to observe its isospin partner (P 00(4404)), a possible

decay channel could be:

⇤0
b

�! P 00 + K̄00, P 0 �! J/ + n (25)

FIG. 5:
⇤b baryon decay in P 00(4404) and K̄00, where P 00(4404) is
the neutral pentaquark state, member of the isospin doublet
with Y = 1.

With respect to the other charmonium pentaquark
states of the octet, with strangeness, we have to focus
on the decays of bottom baryons with strange quarks.
Let us consider the ⌅�

b

decay:

⌅�
b

�! J/ + ⌅� (26)

This decay is present in nature and was discovered by
D0 collaboration ([17]). They reported the first direct
observation of the strange b baryon, ⌅

b

, and measured
the relative rate R(⌅

b

/⇤
b

):

R(⌅
b

/⇤
b

) ⌘
BR[(⌅�

b

�! J/ + ⌅�)⇥ �(⌅�
b

)]

BR[(⇤0
b

�! J/ + ⇤⇤)⇥ �(⇤�
b

)]
=

R(⌅
b

/⇤
b

) = 0.28± 0.09(stat.)+0.09
�0.08(syst.) (27)

Observe that it is of the same order of magnitude as the
⇤
b

decay branching ratio (eq. 1). Therefore, in analogy
with the exotic ⇤0

b

decay 2, we can expect that there is
another possible exotic decay channel, that is

⌅�
b

�! P 10/P 100 +K�, P 10/P 100  � J/ +⌃/⇤ (28)

where P 10(4609) and P 100(4535) have the same quark
content (usdcc̄), and belong to the isospin triplet, and
to the isosinglet, respectively (see figure 4). Since they
have the same quark content and both are neutral, they
can both come from the ⌅�

b

decay. The charmonium
pentaquark state P 1�(4609) can be observed in the decay
process:

⌅�
b

�! P 1� + K̄0, P 1�  � J/ + ⌃� (29)

The di↵erence between decays 28, and 29 of the ⌅�
b

baryon is that, as one can see from the corresponding
Feynman diagrams, in the case of decay 28, a couple of



	
  
	
  
	
  

	
  	
  

in	
  order	
  to	
  give	
  an	
  answer	
  	
  to	
  this	
  ques$on,	
  we	
  go	
  back	
  to	
  study	
  the	
  
decay	
  channel	
  in	
  which	
  the	
  two	
  pentaquark	
  	
  resonances	
  have	
  been	
  
observed	
  
	
  
PC

+(4380)	
  	
  is	
  part	
  of	
  an	
  isospin	
  doublet	
  and	
  it	
  	
  has	
  been	
  observed	
  
studing	
  the	
  	
  Λ	
  b	
  	
  	
  	
  decay:	
  
	
  
	
  
	
  
	
  	
  

	
  HOW	
  TO	
  	
  OBSERVE	
  	
  OTHER	
  PENTAQUARK	
  STATES?	
  



	
  	
  

	
  
but,as	
  seen,	
  there	
  is	
  also	
  the	
  alterna$ve	
  decay	
  channel	
  that	
  
gives	
  origin	
  to	
  the	
  two	
  pentaquark	
  	
  resonances:	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  

	
  
	
  	
  	
  	
  	
  	
  	
  HOW	
  	
  CAN	
  WE	
  OBSERVE	
  	
  PENTAQUARK	
  STATES	
  ?	
  	
  	
  	
  	
  



	
  	
  

	
  
COME	
  OSSERVARE	
  GLI	
  ALTRI	
  STATI	
  A	
  PENTAQUARK?	
  
	
  
HOW	
  TO	
  	
  OBSERVE	
  	
  OTHER	
  PENTAQUARK	
  STATES?	
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reported by the LHC

b

col-
laboration.
In the following, we focus on the 8 charmonium pen-
taquark states of the octet, and we apply the GR mass
formula 14, with the values of the parameters determined
from the equations 19-24 (reported in table VI), to each
state of octet, in order to predict the correspondent mass.

FIG. 4: octet of the charmonium pentaquark states: each
state is labelled with P ij(M), where i = 0, 1, 2 is the number
of strange quarks of a given pentaquark state, j = �, 0,+ is
the pentaquark’s electric charge, and M the predicted mass.
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taquark state (qqqcc̄, with q = u, d, s) with P ij(M),
where i = 0, 1, 2 is the number of strange quarks of a
given pentaquark state, j = �, 0,+ is the pentaquark’s
electric charge, and M the predicted mass. The state
identified with the one reported by the LHC

b

collabo-
ration, and the other predicted charmonium pentaquark
states of the octet, are reported in table IX, and in fig-
ure 4. We observe that the charge state P 0+(4404),
(in red), has just the same quantum numbers as the
lightest resonance (charge, spin, parity). Its theoretical
mass, predicted by means of our GR formula extension,
is M = 4404 MeV .
Despite the simplicity of the approach that we used, this
result is in agreement with the mass reported by the
LHC

b

collaboration: M = 4380 ± 8 ± 29 MeV . Our
compact pentaquark approach predicts that it is a mem-
ber of an isospin doublet, with hypercharge Y = 1.

V. POSSIBLE DECAY CHANNELS TO
OBSERVE THE PREDICTED CHARMONIUM

PENTAQUARK STATES OF THE OCTET

We will now explore the possible decay channels in
which the other predicted states of the octet can be ob-
served. These channels will be described in detail. The
state P 0+(4404) is a part of an isospin doublet. In or-
der to observe its isospin partner (P 00(4404)), a possible

decay channel could be:

⇤0
b

�! P 00 + K̄00, P 0 �! J/ + n (25)

FIG. 5:
⇤b baryon decay in P 00(4404) and K̄00, where P 00(4404) is
the neutral pentaquark state, member of the isospin doublet
with Y = 1.

With respect to the other charmonium pentaquark
states of the octet, with strangeness, we have to focus
on the decays of bottom baryons with strange quarks.
Let us consider the ⌅�

b

decay:

⌅�
b

�! J/ + ⌅� (26)

This decay is present in nature and was discovered by
D0 collaboration ([17]). They reported the first direct
observation of the strange b baryon, ⌅

b

, and measured
the relative rate R(⌅

b

/⇤
b

):

R(⌅
b

/⇤
b

) ⌘
BR[(⌅�

b

�! J/ + ⌅�)⇥ �(⌅�
b

)]

BR[(⇤0
b

�! J/ + ⇤⇤)⇥ �(⇤�
b

)]
=

R(⌅
b

/⇤
b

) = 0.28± 0.09(stat.)+0.09
�0.08(syst.) (27)

Observe that it is of the same order of magnitude as the
⇤
b

decay branching ratio (eq. 1). Therefore, in analogy
with the exotic ⇤0

b

decay 2, we can expect that there is
another possible exotic decay channel, that is

⌅�
b

�! P 10/P 100 +K�, P 10/P 100  � J/ +⌃/⇤ (28)

where P 10(4609) and P 100(4535) have the same quark
content (usdcc̄), and belong to the isospin triplet, and
to the isosinglet, respectively (see figure 4). Since they
have the same quark content and both are neutral, they
can both come from the ⌅�

b

decay. The charmonium
pentaquark state P 1�(4609) can be observed in the decay
process:

⌅�
b

�! P 1� + K̄0, P 1�  � J/ + ⌃� (29)

The di↵erence between decays 28, and 29 of the ⌅�
b

baryon is that, as one can see from the corresponding
Feynman diagrams, in the case of decay 28, a couple of

In order to observe the isospin partner P00(4160) of 
the charged  P0+ we consider  a pair creation  of the 
type d anti d  (instead of u  anti  u) 



	
  	
  

	
  
Regarding	
  other	
  	
  pentaquark	
  states	
  with	
  strangeness,	
  we	
  can	
  	
  consider	
  	
  
boromed	
  baryon	
  decays	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  
	
  
	
  
The	
  charged	
  	
  P1+(4414)	
  	
  state	
  is	
  the	
  most	
  intres$ng	
  from	
  the	
  
experimental	
  point	
  of	
  view,	
  	
  since	
  all	
  the	
  final	
  state	
  par$cles	
  are	
  
charged	
  par$cles,	
  so	
  easier	
  to	
  be	
  detected	
  	
  :	
  

	
  
	
  	
  HOW	
  TO	
  	
  OBSERVE	
  	
  OTHER	
  PENTAQUARK	
  STATES?	
  



The	
  	
  states	
  	
  P10(4540)	
  
and	
  	
  	
  	
  	
  P1'0(4328)	
  	
  



The	
  	
  P1	
  -­‐(4414)	
  state	
  



The	
  	
  P20(4540)	
  state	
  	
  



The	
  	
  P2	
  -­‐(4540)	
  state	
  	
  



CONCLUSION	
  

1) 	
  The	
  	
  PC+	
  (4380)	
  state	
  is	
  well	
  described	
  
by	
  means	
  of	
  a	
  compact	
  pentaquark	
  
approach	
  

2)	
  Using	
  group	
  theory	
  tecniques	
  and	
  with	
  
an	
  extension	
  of	
  the	
  GR	
  mass	
  formula,	
  it	
  
has	
  been	
  demonstrated	
  that	
  it	
  belongs	
  
to	
  an	
  SU(3)	
  flavour	
  octect	
  	
  

3)	
  the	
  compact	
  pentaquark	
  approach	
  	
  
brings	
  	
  the	
  existence	
  also	
  of	
  other	
  states,	
  
of	
  which	
  we	
  have	
  predicted	
  the	
  masses,	
  
and	
  also	
  suggested	
  possible	
  decay	
  
channels	
  where	
  the	
  experimentalists	
  can	
  
try	
  to	
  	
  look	
  for	
  them	
  



Thanks!	
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Table 2: Spin-flavour pentaquark states (equation 6). In the left part of the
table, the symmetry of the corresponding configuration of the q4 subsystem is
reported

Symmetry S Us f (8) pentaquark states
of the q4 subsystem

A1 + F2 [3]120
F1 + F2 + E [21]168

F1 + A2 [111]56
A1 [516]2520
F2 [4215]4752
E [3311111]2520
F1 [32214]2800
A2 [24111]504

quark subsystem is in S wave, the orbital part of the wave func-
tion is completely symmetric, and so also the spin-flavour sym-
metry of the four quark wave function must be F2. Using table
2, one can see that the corresponding pentaquark spin-flavour
representations, in which the four quarks are in a state with an
F2 symmetry, are the [4215]4752, the [21]168 and the [3]120. In
order to study the internal flavour and spin degrees of freedom
of the pentaquark system, we have to decompose these repre-
sentations into the product S U f (4) ⌦ S Us(2). Since l = 0, the
spin S of the pentaquark state is S = J = 3

2 . Therefore, once
we have decomposed the S Us f (8) representations [4215]4752,
[21]168 and [3]120 into their spin and flavour part, we must se-
lect only the flavour multiplets combined with the 3

2 spin states.
The S U f (4) flavour multiplets of the pentaquark states, with
spin S = 3

2 are the following [19]:

[421]140 [511]120 [331]60 [322]36 [3]20 [21]20 [111]4̄

(7)

Each of these S U f (4) multiplets contains di↵erent S U f (3) sub-
multiplets, characterised by a di↵erent value of the charm quan-
tum number C, as one can see by the S U f (4) decomposition
S U f (4) � S U f (3)⌦UC(1). Therefore, since we are interested in
the description of charmonium pentaquark states, that is to say
pentaquark states with quark content qqqcc̄ (where q = u, d, s),
we need to decompose these S U f (4) multiplets into the product
S U f (3)⌦UC(1), and select only the multiplets with charm quan-
tum number C = 0. Once we have decomposed each S U f (4)
representation of equation 7, and after having selected only the

C = 0 submultiplets, we obtain:

S U f (4) � S U f (3) ⌦ UC=0(1)

[421]140 � [42]27, [3]10, [21]8

[511]120 � [51]35, [3]10

[331]60 � [33]10, [21]8

[322]36 � [21]8, S

[3]20 � [3]10

[21]20 � [21]8

[111]4̄ � [111]1

(8)

As can be seen from equation 8 (on the right side), the allowed
S U f (3) representations to which the charmonium pentaquark
states can belong are:

[51]35 [42]27 [33]10 [3]10 [21]8 [111]1 (9)

Since the charmonium pentaquark state, as reported by LHCb,
has a quark content uudcc̄, it does not have strange quarks, and
so the strangeness S = 0 . In the case of 4 flavours (u, d, s, c),
the hypercharge Y is defined as:

Y = B + S � 1
3

C (10)

The charm quantum number of the charmonium pentaquark
state is C = 0, (since there is a couple cc̄), so, equation 10
reduces to

Y = B + S (11)

We had already noticed that the strangeness is S = 0 and so, the
hypercharge value is Y = 1.
Therefore the charmonium pentaquark state uudcc̄, as reported
by LHCb, must be found in a Y = 1 submultiplet of the allowed
flavour states of equation 9. Following this reasoning, we must
exclude the singlet [111]1, because it does not have any Y = 1
submultiplets; therefore, the remaining possible S U f (3) multi-
plets are:

[51]35 [42]27 [33]10 [3]10 [21]8 (12)

Once we have compared the corresponding mass for each rep-
resentation of equation 12, we can find the lowest mass state.

3. The extension of the G

¨

ursey-Radicati mass formula

In order to determine the mass splitting between the multi-
plets of equation 12, we made use of a Gürsey-Radicati (GR)
inspired formula. In this section we suggest a possible exten-
sion of the GR formula, and we fix the free parameters by using
the charmed baryons spectrum. Then, we apply this formula to
the pentaquark states in order to predict their mass. In fact, at
the moment, there is experimental evidence of two charmonium

3



Four	
  quarks	
  subsystem	
  	
  


